Sunn hemp (Crotalaria juncea L.) is recommended as a warm season cover crop in the Midwest due to its ability to produce high levels of biomass and fix atmospheric nitrogen. It can also be grown in biculture with other cover crops to enhance overall ecosystem services. Two field experiments were conducted over four growing seasons (2014 -2017) in Wisconsin on a forest derived Fox silt loam (Fine-loamy, mixed, mesic Typic Hapludalfs) under organic certification to determine the effect of planting date on sunn hemp dry matter yield, N and C addition and to determine the effect of species ratio in a biculture with sorghum-sudan [Sorghum bicolor (L.) Moench] on the same output variables as well as seed cost and the related per unit cost of production. Planting dates significantly affected all biomass yield variables, which declined linearly from the initial date and appear related to growing degree accumulation. Regression analysis revealed a biomass yield decline of 1.3% per day (8.9% week -1 ) in relative yield, and 0.90 Mg day -1 (0.61 Mg week -1 ) in actual yield. In biculture, sunn hemp grown in a planting ratio of 50:50 with sorghum-sudan maximized N addition through nitrogen fixation and added N from dry matter, without a significant difference in the dry matter recorded. Analysis of seed cost data revealed that as the ratio of sunn hemp in the planting mixture decreased, the cost per hectare decreased. The cost of production per unit of DM, N, C and CO 2 equivalent at this planting ratio were 7.08 $ Mg -1 , 0.57 $ kg -1 , 17.51 $ t -1 and 4.78 $ t -1 respectively. In pure culture, early planting dates (June 15 th to July 15 th ) are recommended for sunn hemp, and in biculture, a planting ratio of 50:50 with sorghum-sudan could serve Midwestern producers well by reducing per unit cost of biomass production.
Introduction
Cover cropping is a conservation practice which protects soil while providing other benefits like weed suppression, nitrogen (N) fixation, increased soil organic matter (SOM) and improved soil health. Several cover crops are effective under Midwest conditions; however their ability to produce high quantities of biomass (DM) in a relatively short time is severely limited (Esther & Stute, 2018) . Selection of a legume as a cover crop is desirable because of N fixation, but as a group, they may be less productive than non-legumes in terms of biomass production, and their contribution to SOM is questionable due to their relatively low C:N ratios, leading to rapid decomposition. Creamer & Baldwin (2000) and Schomberg et al. (2007) found that several legumes can be successfully grown as warm season cover crops to provide both biomass and nitrogen. N accumulation can be highly variable depending on the environment, legume selection, planting date, management and termination (Balkcom & Reeves, 2005; Balkom et al., 2011) .
Sunn hemp, a tropical legume, is a potential warm season cover crop for the Midwest. In the southern U.S. large biomass yields are reported to be produced in a relatively short time (Price et al., 2012) . Sunn hemp provides weed suppression due to rapid canopy development (Mosjidis & Wehtje, 2011) which could contribute to early soil protection compared to other species. Price et al. (2012) reported that it can produce larger quantities of biomass within a shorter timeframe than winter legumes from the temperate zone. Average biomass yield of 9 t ha -1 , produced in as little as 60 to 90 days has been reported in a 2-year study in Oklahoma (Warren et at., 2017) . Results from Florida (Cherr et al., 2006) and Alabama (Mansoer et al., 1997) show yield of 5 to 8 Mg ha -1 of biomass and an N addition of 135 to 150 kg ha -1 produced within a 12-week period. As a warm-season species, it could fit well in several cropping situations such as summer fallow (including prevented plant acres or organic transition) as well as after the harvest of short season crops (Esther & Stute, 2018 ). Sunn hemp is not able to produce viable seed in this climate eliminating the potential to volunteer in subsequent years (NRCS, 1999) and is reported to suppress nematodes (NRCS, 1999; Wang et al., 2002) . We hypothesized that it may produce acceptable yield over a range of planting dates during the summer period.
Sunn hemp seed cost is high relative to other cover crop options which may make it a less desirable option for producers. Planting it with a compatible companion crop in biculture could reduce the seeding cost compared to pure stands. Sorghum-sudan [Sorghum bicolor (L.) Moench] is a commonly used, productive summer cover crop and is unequaled for adding organic matter to worn out soils (SARE.org). It also produces higher biomass yield, rapid canopy development and provides greater weed suppression than other summer annuals (Stute unpublished) . We hypothesize it can compete well with sun hemp, provided they are of equal height; and will perform well using N fixed by the legume without any additional N input. Hence, they may be best suited as companion crops to provide complementary benefits, reduce sunn hemp seed cost, and the cost of production for output variables [DM; N; and carbon (C)] based on seeding rate and seed cost.
Information on growing sunn hemp either solely or in biculture with sorghum-sudan for its value as a cover crop is lacking for the Midwestern United States. Sunn hemp is not widely grown in the Midwest but could be highly beneficial here for the afore-mentioned reasons. There is a lack of general agronomic information about its culture, and quantification of its effect on the ecosystem. Planting date effects, the optimum date for planting and impact of advancing date are relatively unknown. When followed by a high N demand crop, the associated benefits (such as fixed N) may provide greater agronomic service to the following crop apart from the traditional cover crop benefit of soil conservation. Therefore, two experiments were conducted with the objectives: (1) to determine the effect of planting date on DM yield, N and C addition and (2) determine the effect of species ratio in a biculture on the same output variables.
Materials and Methods
Two field experiments were conducted from 2014 to 2017 near East Troy, Wisconsin (42.7488232, 88.4432654 Sunn hemp seed (vns, Pecter Seed Company, Fruitdale, AL) was pre-inoculated with a peat-based Bradyrhizobium product (N-DURE, Verdesian Life Sciences, Cary, NC) using a water and molasses solution as a sticker and allowed to dry. Seedbed preparation consisted of field cultivation just before planting. Both experiments were established with a 10-row plot drill (H and N Equipment, Colwich, KS) with 19 cm row spacing, equipped with both bulk seed boxes and a cone-seed attachment. Seeding rate was adjusted using variable rate drives (Zero-max, Minneapolis, MN) on either unit. Seed was planted to a nominal 2.25 cm depth and furrows closed with press wheels. Final plot size in both experiments was 1.98 x 5.17m. 
Effect of Planting Date (Experiment I)
This study evaluated the effect of planting date on variables related to aboveground biomass yield: DM; N and C, and by calculation, CO 2 equivalent. Planting dates were scheduled for 15-day intervals and are listed in Table 1 . Additional dates were included following 2015 to evaluate a longer period of the growing season. Seed was planted at a rate of 1.48x10 6 seeds ha -1 on a pure live seed (PLS) basis.
Aboveground biomass was sampled following a killing frost by hand cutting plants at ground level using a quadrat which yields an equivalent of 1.82 m of row. Whole-plant samples were weighed and chopped with a mobile chipper and subsamples dried at 60 o C to a constant weight. Dried samples were ground to pass a 0.5 mm screen (Wiley #4, Aurthor H. Thomas Co. Philadelphia, PA) and analyzed for N and C by dry combustion using a Flash EA 1112 CN Automatic Elemental Analyzer (ThermoFinnigan, Milan, Italy). Carbon dioxide equivalent was calculated based on DM, C content and atomic mass.
The experimental design was a randomized complete block with three replicates. The 2016 and 2017 site-years had four replicates but one was lost in 2016 so the combined analysis uses three. Data were subject to analysis of variance procedures using proc ANOVA (SAS Inc, Cary NC) both combined over years to analyze year by date interactions as well by year due to unequal planting dates between years. Means were separated by a protected LSD at a 5% level of probability. Data were pooled for regression analysis using proc GLM to determine growth curves. This data was transformed to relative yield by year using the greatest plot yield within a year as 100% (Yau & Hamblin, 1994) .
Effect of Seeding Ratio in Biculture (Experiment II)
This study evaluated the effect of sole seeded sunn hemp, sorghum-sudan cv "Special Effort", and biculture mixes of several compositional ratios on the same variables related to aboveground biomass yield as Experiment 1. Both sole seedings and biculture mixes were seeded at a rate of 1.48x10 6 seeds ha -1 (PLS basis) which is consistent with commercial recommendations for each species. Ratios included 100% for either in the case of sole seeding; 50:50%; 67:33% and 75/25%, the latter two in both species combinations.
Aboveground biomass was sampled using the methods of Experiment I, either following a killing frost or when sorghum-sudan seeds appeared to approach maturity. In the case of mixes, plot samples were separated by species to determine the contribution of each to plot total. Samples were processed and analyzed identically to Experiment 1.
The experimental design was a randomized complete block with three replicates. Mix component data were combined by plot for measured variables and subject to ANOVA. Means were separated by a protected LSD at the 5% level of probability. Data for species contribution to treatment total are presented but not analyzed statistically because of the unbalanced design caused by the sole seeded treatments.
Results and Discussion
Precipitation and Growing Degree Day (GDD) data are shown in Table 1 . Total growing season (June -October) precipitation was slightly above average in 2014 and 2015, 42% of average in 2016 and 152% of average in 2017. Mean monthly precipitation during this study was similar to long-term site average but highly variable. July was the most variable (range 6-315 mm, SD 135) followed by June (51-177 mm, SD 59.9), September (15-160 mm, SD 64.9) and August (46-147 mm, SD 41.7). June and July variability are important to this study because it directly impacted 4 of the 6 seeding dates. Twenty sixteen June-July precipitation totaled 57 mm compared to the long-term average of 228 mm. This coupled with relatively low precipitation in September impacted results of Experiment I discussed below.
Growing Degree Days (GDD) were calculated monthly and totaled for the season. Long term means for GDD accumulation are unavailable for this site so season totals are compared to 2014, the coolest year in which the 2 experiments were conducted. The years 2014 and 2015 were similar, 2016 and 2017 were warmer with GDD accumulations (% of 2014) of 131 and 119 respectively. As with precipitation, June-July GDD is important in data interpretation. The years 2016 and 2017 were much warmer than previous years, yet had differential precipitation, 2016 warm and dry, 2017 warm and wet. Killing frost dates were similar to or later than the long term average occurrence between 1-10 October (National Weather Service, 2018).
Biomass Yield
Sunn hemp biomass yield and associated components from Experiment I are reported in Table 2 . Data are presented as 2015 and combined 2016-2017 due to the unbalanced design (fewer dates in 2015), and combined years (2016) (2017) since the year x date interaction was not significant. Biomass production was impacted by weather conditions and planting date. In general, biomass yield was greater in 2016-2017, but this was related to the lack of June planting date in 2015. Regression analysis of the combined data indicated a significant linear yield decline from mid-June, so the 2015 data does not represent full yield potential. In a combined analysis of dates 2-4, the year x date interaction was not significant and 2015 yield was comparable to 2016. The impact of growing season on DM yield was evident in a combined analysis of dates 2-4 which had a significant year effect (P > F 0.0004). Mean DM yields of 7.61, 7.43 and 3.45 Mg ha -1 (data not shown) were observed in 2015, 2016 and 2017 respectively with 2017 yield significantly lower than either previous years (LSD 1.79 Mg ha -1 ).
Biomass yield was similar between 2015 and 2016. Twenty-fifteen was near normal for precipitation, 2016 dry and much warmer as indicated by GDD accumulation. Precipitation in 2016 was 37% of 2015. Biomass yield was significantly different between 2016 and 2017. Both years were similar in GDD accumulation but precipitation in 2017 was 362 % of 2016. Most of the July rain was received over a 14 day period. Neither disease incidence nor insect damage was observed in 2017 so we surmise that sunn hemp is not tolerant of wet or frequently saturated soils.
These results indicate that sunn hemp performs well under warm, dry conditions, an important attribute for summer cover crops which will be frequently subject to this situation under midwestern conditions. Long-term precipitation data indicate that July has the most variable precipitation and it is historically the warmest.
Planting date significantly affected biomass DM yield (Table 2) for the 2-year combined analysis as well as in the 3 year combined analysis of dates 2-4 (data not shown) in which the year x date interaction was not significant. While some intra-date intervals are not significantly different or are marginally so, there is a clear trend of declining yield as date gets progressively later to the point of no yield by the September date due to lack of germination and/or poor stands with unmeasurable growth. In a combined analysis, yield decline was linear. Relative yield decline from 15 June was significant (R 2 =0.8090**), equating to 1. Since most sunn hemp cultivars have short day flowering response, delays in planting will shorten the growing season and could result in lower stalk yields (Cook et al., 1998) . As the planting date is delayed, fewer GDD accumulate, leading to a decline in the biomass DM accumulation.
These results clearly indicate the importance of early planting. We hypothesized that yield potential may remain relatively constant when planted earlier in the season, then eventually decline as observed in other species (Stute, 2000) , but that was not the case in this study. Growers should carefully weigh yield potential with planting date when considering sunn hemp as a cover crop.
Biomass yield from Experiment II is reported in Table 3 . Years are combined because the year x ratio interaction was non-significant. Seeding ratio had a significant effect on biomass yield, however, any ratio which contained sorghum-sudan was not significantly different from any of the others, only pure stands of sunn hemp. In pure stand, sunn hemp yielded 38.6% of sole sorghum-sudan, 5.55 vs. 14.37 Mg ha -1 and ratios were intermediate. The relative contribution of sunn hemp and sorghum-sudan to total DM yield is shown in Figure 1 . While these contributions can't be analyzed statistically because of the unbalanced design, as the percentage of sorghum-sudan in the ratio increases, the contribution of sunn hemp decreases. We had hypothesized that sunn hemp would compete well with sorghum-sudan if they were of similar heights, but neither was the case and sorghum-sudan overtopped the canopy within 45 to 60 days after planting (DAP). Our main intent was not only to increase biomass DM yield per se, but also to reduce sunn hemp seed cost by using biculture, because of other desirable agronomic services, N fixation being the most important. In our opinion, the best combination for greatest biomass while adding fixed N is the 50:50 planting ratio (13.40 Mg ha -1 DM yield). The data indicates that biomass accumulation did not vary significantly with any planting ratio. Under such conditions, the 50:50 ratio is considered advantageous because of reduced seed cost as well as the high biomass yield obtained, while also harvesting the other desirable services of sunn hemp. At the 50:50 planting ratio, sunn hemp contributed 14.2% while sorghum-sudan contributed 85.8% to the total (Fig. 1) . Economic considerations are discussed later in the paper.
Nitrogen and Carbon Content
Biomass N and C followed the same general trends caused by treatment and environmental effects as DM in both experiments. This would be expected as both are DM components. In the case of N content, advancing planting date significantly reduced total, but unlike DM, N content for the first three planting dates was not significantly different (Table 2 ). This may be partially explained by changes in tissue N concentration over planting dates as older tissue had lower N concentration compared to younger tissue at sampling. In the combined 2016-2017 analysis, mean tissue N concentration for the first planting date was 14.7 g kg -1 compared to 23.3 g kg -1 for the fifth, nearly double (1.86x) and this increase was linear (R 2 =0.6187**). It is possible that this increase in N concentration may have partially offset reduced DM. However, it is clear from the regression analysis that the decline in N content begins after the mid-June planting date which is also the case for C. Similar changes in N content with advancing planting date have been reported by Balkcom et al. (2011) and Stallings et al. (2017) .
In biculture, N and C content increased with increasing percentage of sorghum-sudan in the mix and all ratios were significantly greater than the sole-seeded sunn hemp, but not sole-seeded sorghum-sudan (Table 3) . Species ratio did not significantly affect tissue N or C concentration in either sunn hemp or sorghum-sudan (data not shown) so differences are solely due to DM yield. We assumed that N content in sunn hemp would include both fixed and soil N, that in sorghum-sudan from soil and possibly from sunn hemp, and competition for soil N would cause sunn hemp to fix more N to meet its requirements. We did not measure soil N either prior to planting or post sampling so can't speculate on system N dynamics. Future biculture work should include these With respect to added C, all biculture ratios did not differ significantly. However, to weigh cost without compromising the agronomic and ecological services, the 50:50 ratio is probably optimal. Appelgate et al. (2017) reported similarly on cover crop mixed cultures for greater carbon addition. Contribution of sorghum-sudan to the total carbon added per hectare (Fig. 1) was 78.8%, much greater than that of sunn hemp, when planted in a biculture planting ratio of 50:50.
CO 2 Equivalent
CO 2 equivalent was calculated from biomass C which is possible because all C in plant tissue comes from the atmosphere through photosynthesis (Stute, MFAI website) . As such, it mirrors the same effects that affected C content in both experiments. We present this data with the intent of building on the literature database for use in future C credit crediting systems.
Studies have shown that cover crop effects on CO 2 emissions or CO 2 equivalents are linked to cover crop biomass production and are generally confined to its growing period (Ruis et al., 2018) . Cover crops may not affect CO 2 emissions during the growing season in temperate climates such as in the US Midwest and Central Great Plains (Negassa et al., 2015; Liebig et al., 2009) . This carbon capture is not permanent but rather a strategy to take CO 2 "out of play" in the short term. Some of it will be released rapidly as CO 2 as residues decompose while the more stable forms will stay in soil for years, increasing SOM and improving soil health/ quality (Stute, MFAI website).
For cover crops to be an effective carbon sink, they need to be planted every year and the greater the planted acreage, the greater the presumed effect (Stute, MFAI Website) . In addition to significant levels of C capture, it is interesting that several warm-season species and mixes do it in a relatively short timeframe compared to cool season crops (Stute unpublished) . The sorghum-sudan, sunn hemp or biculture combination is planted from mid-June to early July and terminated by frost in mid-October. These cover crops would be used after shortseason crops, in situations where planting is prevented or as part of an organic soil improvement program (Esther & Stute, 2018) . Studies have reported increased CO 2 emissions under cover crops only when they increased SOC concentration (Kim et al., 2010; Haque et al., 2015) .
Will sunn hemp, alone or in a biculture contribute to increased SOM or labile C? This needs to be determined experimentally. Sunn hemp C:N ratios for mid-June to early July establishment averaged 31.0, but ranged from 16.1 to 47.8 (median 31.5, SD 8.2) with higher ratios for the mid-June planting date (data not shown). Ratios are sufficiently high to expect slow decomposition and SOM addition. Differential N content between leaves and stalks has been reported (Marshal et al., 2002) . We hypothesize that this differential will result in rapid decomposition of leaves and N mineralization, creating a pool of available N for the following crop while the higher C:N stalks will be more recalcitrant, adding to SOM. This idea warrants further investigation.
Economic Index
Experiment II examined biculture planting ratios to determine their effect on DM, N and C addition, and their suitability as companion crops to provide complementary benefits, reduce sunn hemp seed cost, and the per unit cost of production of output variables based on seeding rate and seed cost (Table 3 ). The seed cost data revealed that as the ratio of sunn hemp in the planting mixture decreased, seed cost per ha decreased, demonstrating that the main component of greater seed cost was that of sunn hemp as expected. However, the multiple ecosystem benefits accrued by growing sunn hemp including N fixation, possible SOM contribution and nematode suppression should be considered. The data suggests that for optimal DM, N and C production, the optimum sunn hemp: sorghum-sudan ratio is 50:50 based on per unit cost of production in the Midwest. The cost per unit production of dry matter, N, C and CO 2 equivalent at this planting ratio is 7.08 $ Mg and 4.78 $ t -1 , which though not the lowest, is similar and a compromise for capturing the ecological and agronomic services of sunn hemp.
Conclusions
Growing sunn hemp as cover crop provided high amounts of biomass DM, N and C and other associated benefits in the Midwest. Sunn hemp is a highly photosensitive crop and growth and biomass accumulation is greatly affected by GDD. It is very sensitive to planting date when grown as a warm season cover crop. Results from experiments conducted in Wisconsin have shown that planting sunn hemp from mid-June to early July is the most productive planting window, beyond which yield declines and per unit cost of production increases for Midwestern producers. The CO 2 equivalents will also be greater only if sown during the recommended time frame. When opting for a biculture to reduce the cost of production for output variables, a 50:50 ratio appears to be the best option for optimal productivity and per unit cost of production. More studies are needed to develop a package of cultural practices for sunn hemp production and using these best management practices, quantify system benefits.
